The sequences of the genes for the nine subunits of ATP 
INTRODUCTION
Oxidative and photosynthetic electron transport in bacteria, mitochondria and chloroplasts generate transmembrane electrochemical gradients of protons, which are used by the protontranslocating ATP synthase (H+-ATP synthase) to make ATP by phosphorylating ADP (Mitchell, 1966) . The H+-ATP synthases consist of a hydrophilic catalytic domain (F1), joined by a slender stem to a hydrophobic membrane sector (FO), the site of a proton channel [see Senior (1988) , Fillingame (1990) and Walker et al. (1990) for reviews]. F1 is composed of five subunits, known as a, /, y, a and c, assembled with a stoichiometry of 3:3: 1: 1:1 respectively. In Escherichia coli F0, the stoichiometry of its three constituent subunits, a, b and c, is 1:2: [10] [11] [12] (Foster and Fillingame, 1982) . In chloroplasts and photosynthetic bacteria, there are two related but different subunits, b and b' (in chloroplasts known as subunits I and II respectively), in addition to subunits a and c (subunits IV and III respectively in chloroplasts).
ATP synthase has been isolated from the thermophilic cyanobacterium Synechococcus 6716 and has been reconstituted into proteoliposomes . In many ofits catalytic properties, the cyanobacterial enzyme resembles ATP synthase from spinach chloroplasts (Pick and Racker, 1979; Van Walraven, 1985) , and ATP hydrolysis by F1-ATPase from both the cyanobacterium and chloroplasts is cryptic and can be activated by trypsin (Lubberding et al., 1981) . However, there are also striking differences between the cyanobacterial enzyme and the enzyme from other sources. For example, in cyanobacterial ATP synthase (both isolated and membrane-bound) and in F1-ATPase, ATP methanol (Lubberding et al., 1981; Van Walraven, 1985; Bakels et al., 1991) , whereas these treatment methods activate chloroplast ATP synthase and CF1 (see Strotman and BickelSandk6tter, 1984) . Also, the Synechococcus 6716 ATP synthase can translocate considerably more than the usual 2-4 protons per ATP synthesized or hydrolysed (Van Walraven et al., 1986 , 1990 . In order to investigate the possibility that significant structural differences might underlie these differences in enzymic properties, as described below, we have determined the primary structures of the ATP synthase subunits from Synechococcus 6716 by sequencing the corresponding genes.
MATERIALS AND METHODS
Preparation of genomic DNA Synechococcus strain PCC6716 (formerly known as Synechococcus lividus) was grown in semi-continuous anaerobic culture at 50°C, its optimal growth temperature (Lubberding et al., 1981) . DNA was isolated as described by Marmur (1961) from about 5 g of bacterial cells.
DNA hybridization
Fractionated digests of cyanobacterial DNA were transferred from agarose gels to nitrocellulose filters (Southern, 1975) , and hybridized as described before (Cozens and Walker, 1987) with radiolabelled 'prime cut' probes (Farrell et al., 1983) containing sequences coding for the a, /3, y and a subunits of Synechococcus 6301 ATP synthase [see Cozens and Walker (1987) and the legend to Figure 1 ]. Autoradiographs were exposed with fluorescent screens for 1-72 h at -70 'C.
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The sequences in this paper will appear in the EMBL database under the accession numbers K70431, K70432 and K70433.
Restriction fragments about 15-20 kb in length, taken from a partial Sau3A digest of cyanobacterial DNA, were cloned into the BamHl site of the vector A2001, as described before (Cozens and Walker, 1987) , and packaged in vitro (Collins and Hohn, 1978) . This library of Synechococcus 6716 DNA contained over 50000 recombinants per ml. About 10000 of these recombinants were screened with each ofthe probes described above. Fragments of interest, identified by Southern blotting of restriction digests of recombinant phage DNAs, were cloned into the plasmid vector pUC19.
DNA sequence analysis
A random sequencing strategy was mainly followed. DNA fragments (300-500 bp in length), produced by sonication of larger fragments recovered from phage or plasmid DNA, were cloned into M13 mpl8 (YanischPerron et al., 1985) . Sequences were determined nine times on average, and at least once on each DNA strand, by the modified chain termination method (Sanger et al., 1977; Biggin et al., 1983) . The orientations of some inserts were reversed by transferring them from M13mpl8 to Ml3mpl9, and vice versa. 'Compressions' in GC-rich regions of DNA were resolved by replacement of dGTP by dITP in the sequence reactions (Mills and Kramer, 1979) . Some sequences were completed with the use of synthetic oligonucelotide primers 17 bases in length, made with an Applied Biosystems 380B oligonucleotide synthesizer. Data were compiled with the aid of the computer programs DBAUTO and DBUTIL (Staden, 1982) . Potential coding sequences in DNA sequences were detected by use of the positional base preference option in ANALYSEQ (Staden, 1985) . Protein sequences were compared with sequences in the Protein Information Resource (PIR) database with FASTP (Lipman and Pearson, 1985) .
RESULTS AND DISCUSSION DNA sequences of cyanobacterial genes for subunits of ATP synthase Restriction digests of DNA from Synechococcus 6716 were hybridized with each of the four probes for ATP synthase genes. Similar patterns of hybridization were obtained with the probes for the a and a subunits (Figure 1) , and therefore their genes are close to each other in the genome. These experiments, and the subsequent library-screening and sequencing experiments described below, strongly suggest that there is a single F FoATPase in the cyanobacterium, which is likely to participate in ATP synthesis linked to both photosynthesis and oxidative phosphorylation.
Both probes hybridized with a 7.6 kb EcoRI fragment present in digests of genomic DNA (lanes e in Figure 1 ) and a recombinant phage isolated from a library of Synechococcus 6716 DNA. This fragment was shown by sequencing to encode six subunits of ATP synthase, including subunits a and a, as anticipated ( Figure 2a ). Another phage hybridized with both the y and a probes, but all of the hybridizing restriction fragments Isolation and characterization of ATP synthase
The enzyme was isolated from about 5 g ofcells of Synechococcus 6716 according to Lubberding et al. (1983) , with the following modification. About 10 mg of the protein fraction precipitated with 35-50o% (w/v) satd. (NH4)2S04 was redissolved in the column buffer, and the solution was passed through a column (80 cm x 1.8 cm internal diameter) of Sephacryl S-300 (Pharmacia, Uppsala, Sweden), packed in a buffer containing 10 mM Tricine/KOH (pH 7.8), 5 mM MgCl2, 500 mM NaCl, 4 mM octylthioglucoside, 1.6 mM sodium cholate, 1.5 mM dithiothreitol, 1 mM EGTA, 100% (v/v) glycerol and 10 mg/l phenylmethanesulphonyl fluoride. The ATPase-containing fractions were concentrated immediately by ultrafiltration. ATP-hydrolytic activity was measured at 50°C by either a linked enzyme assay (Stutterheim et al., 1980) or release of Pi (Fiske and SubbaRow, 1925) . ATP synthase was activated by treatment with trypsin (25,ug/ml) for 10 min (Lubberding et al., 1981) . Protein concentrations were determined as described by Bradford (1976) . Polyacrylamide gradient gel electrophoresis (7.5-15 % acrylamide) in the presence of SDS was performed in buffers as described by Laemmli (1970) . Proteins were detected by either staining with Coomassie Blue dye or silver staining (Morrissey, 1981) . Subunits were also transferred to poly(vinylidene difluoride) membranes (Matsudaira, 1987) and subjected to Edman degradation in a modified Applied Biosystems 470 gas phase sequencer. The probes (about 300-500 bp in length) were derived from the genes for subunits oa, fi, y and a in Synechococcus 6301, starting at nucleotides 5750 (a), 2580 (fi), 7050 (y) and 2400 (a) in the sequences described by Cozens and Walker (1987 AAATTTTAAGGCAGGGCTTAATAGGGCAGTGCCGGGTCGCCCGGGGl=TTCGCTGCTCACCGTATrCGTAAATGGCGCTCGAGTGC   GCGAGCTGT220 GCTGCTGCTGCTTC   140  160  180  200  220  240 TnAAAATTCCGTOCCGAATATCCCGTCACGGCCC CAAAGTCTGGTGGCGGTGGCAcGGG   260  280  300  320  340  360 AGGAsCCTCGATTTAGTT'GWGCGTAG TTT;l CGGATTCAGTACCCACGACCCGTrCCCCTACGAGCGATAAAGCCACCGGATCCCCCCGlTTCGACCACCGCCACCGTGCCC 
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TGGATCCACTGGGGTTCCACCCGAATATGT l=GAGCCCGATATTGTCGGATCTGAGCACTAlCAACTGCCGAGCG=GAGrkGTCAGTCAG_AATCAGACATCA 2180 2200 2220 2240 were larger than 10 kb, and so the two genes appeared to be at least 10 kb apart. The y gene was localized by sequencing a 2.8 kb EcoRI fragment from a phage that hybridized with the y probe only (Figure 2b ). Other hybridization experiments indicated that the gene for the ,l subunit was distant from those for subunits y, a and a. Part of its sequence was identified by sequencing a 2.8 kb XhoI-Sau3A fragment (nucleotides 1-2807 in Figure 2c ) from a positively hybridizing phage, and this sequence was extended to a total length of 3.2 kb by sequencing an overlapping 4.0 kb BamHI fragment (nucleotides 2677-3234 in Figure 2c ) from another recombinant.
The G+C contents of the 7.6, 2.8 and 3.2 kb segments of DNA sequence (see Figure 2 ) were calculated to be 53.3 %, 55 % and 54.1 % respectively, in agreement with the value reported by Herdman et al. (1979) , and lower than the values in sequences determined in Synechococcus 6301 (Cozens and Walker, 1987) .
IdentificaUon of genes By comparison of the protein sequences encoded in the three DNA fragments with the sequences of the subunits of ATP synthase from E. coli, it was found that the 3.2 kb fragment contained the genes for fi and e, that the gene for y was in the 2.8 kb fragment, and that the 7.6 kb fragment encoded ATP synthase subunits, a, b, c, 8 and a. The coding sequence of each gene starts with the initiation codon ATG, except for the gene for the y subunit, where GTG is used. Each of these codons is preceded by sequences resembling E. coli ribosomal binding sites (see Figure 2) , which are complementary to sequences near to the 3' end of 16S rRNA in Synechococcus 6301 (Cozens and Walker, 1987) .
The identities of the genes for the a, f6, 8 and e subunits were confirmed by N-terminal protein sequence analysis of the subunits of the partially purified enzyme (see Figures 2 and 3) . These analyses showed that the initiator formyl-methionine is not present in either the mature a, 8 or e subunits, and that it is present but deformylated in the f6 subunit. No N-terminal protein sequences were determined by analysis of the other subunits. In the case of the y subunit, this is at least partly because the protein transfers poorly to poly(vinylidene difluoride) membranes, and in some cases the subunits may be modified. Therefore at present these latter subunits have not been identified with certainty in the polyacrylamide gel (Figure 3) , although the values for molecular mass calculated from the sequences and estimated from their gel Figure 3 . Its N-terminal sequence is not related to that of any known subunit of an ATP synthase, and it is considered to be a contaminant. It is clear from the silver-stained gel that other contaminants are also present in the cyanobacterial preparation.
Between the c and 8 genes were found genes for subunits b and b', homologues of E. coli subunit b. Similar findings have been made in Synechococcus 6301 (Cozens and Walker, 1987) , Anabaena 7120 (McCarn et al., 1988) , Rhodosporillum rubrum (Falk and Walker, 1988) and Synechocystis 6803 (Lill and Nelson, 1991) . As expected, the hydrophobic profiles (not shown) of the b and b' subunits from Synechococcus 6716 are related, and indicate that their N-terminal regions consist of a stretch of about 20 hydrophobic amino acids. In Synechococcus 6301, it was proposed that the equivalent sequences were removed by post-translational processing to produce mature proteins similar in length and hydrophobic profiles to the homologous subunit I in chloroplast ATP synthase (Cozens and Walker, 1987) . No complete sequence of a chloroplast subunit II is yet available, but the N-terminal sequence ofthis subunit from spinach chloroplasts (Berzborn et al., 1990 ) is related to subunit b' of Synechococcus ATP synthase, and the N-terminus of the chloroplast sequence corresponds to residue 12 of the cyanobacterial sequence. The Ntermini of the mature thermophilic b and b' subunits are not known. They may be processed in a similar way to the chloroplast subunit I, but the functions of the processed regions remain obscure.
A second stretch of 25-30 hydrophobic amino acids following this N-terminal stretch could form a transmembrane a-helix in the mature b and b' subunits, thereby anchoring their otherwise hydrophilic sequences to the bacterial membrane, as proposed (Walker et al., 1982) and established (Dunn, 1992) in the E. coli b subunit. Although the overall homology between different b subunits is low (see Table 2 ), their structures and functions seem to be similar, and it has been reported that the E. coli b subunit can be replaced in the ATP synthase complex by chloroplast subunit I, without impairing the enzyme's function (Schmidt et al., 1990) .
It was first observed in the E. coli unc operon (Gay and Walker, 1981) , and subsequently in other related bacterial operons, that a potential gene encoding a hydrophobic protein of unknown function lies between the transcriptional promoter and the gene for subunit a. The E. coli gene is known as uncl, and the protein has been shown to be expressed, although it does not form part of the ATP synthase complex (Schneppe et al., 1990) .
A potential gene is found in the equivalent location in Synechococcus 6716, and the hydrophobic profile of the encoded protein is similar to those of uncl products in other species. Consensus sequences typical of many bacterial promoters were not evident in the sequences to the 5' side of the uncl homologue, and the position of none of the transcriptional promoters of the Synechococcus 6716 ATP synthase genes has been determined experimentally. It appears that the sequence immediately upstream of uncl in Synechococcus 6716 could contain another bHowe et al. (1982 bHowe et al. ( , 1985 for subunits a, /7, 6 and c from wheat; Bird et al. (1985) for subunit b from wheat; Cozens et al. (1986) for subunit a from pea; Hermans et al. (1988) for subunit 8 from spinach; Miki et al. (1988) for subunit y from spinach; cthe only available sequence information about a chloroplast subunit b' (subunit 11) is the N-terminal sequence from spinach (Berzborn et al., 1990) ; this is not included in the Figure  2 ) that were detected in the three segments of DNA sequence. URF 1, an incomplete reading frame in the 7.6 kb fragment, codes for a partial protein sequence of 284 amino acids, which is identical in 28 % of its amino acids with the E. coli DNA repair enzyme, deoxyribodipyrimidine photolyase (Sancar et al., 1984) . URF 6 in the 2.8 kb fragment encodes a protein which contains many short internal repeats that are related to short repeats in the tail region of myosin heavy chains. None of the remaining URFs is related to known protein sequences, including proteins that are encoded in URFs associated with ATP synthase genes in Synechococcus 6301 (Cozens and Walker, 1987) and Rsp. rubrum Falk and Walker, 1988) .
The arrangement of genes in the three segments of DNA sequence are summarized in Figure 4 (Cozens and Walker, 1987; Curtis, 1987; McCarn et al., 1988; Lill and Nelson, 1991; see Figure 5) (Kostrzewa and Zetsche, 1992) , and of the diatom, Odontella sinensis (Pancic et al., 1992) . These similarities in gene organization are clearly of significance in providing support for endosymbiotic origins of the plastids from precursors of the present-day cyanobacteria.
Genes for a bacterial ATP synthase were first characterized in E. coli, where they are organized at a single locus, the atp (unc) operon. It was remarked that the gene order in the operon reflects the structure of the complex; genes for the Fo subunits form a promoter proximal cluster a: c: b, and are followed by a second cluster of genes for F, subunits in the order d: a: y: f,: c . The same arrangement has been found subsequently for genes of H+-ATP synthases in bacterium PS3 (Ohta et al., 1988) , Bacillus megaterium (Brusilow et al., 1989) and Bacillus firmus (Ivey and Krulwich, 1991) , and for a Na+-motive ATP synthase in Vibrio alginolyticus (Krumholz et al., 1989) . In the purple non-sulphur bacterium, Rsp. rubrum, the Fo cluster a: c: b: b' and the Fl cluster d: a: y: ,: e are at two separately transcribed loci Walker, 1985, 1988; In plants, the genes are called aptl, H, G, F, D, A, C, B and E respectively, and subunits a, c, b and b' are more usually known as subunits IV, III, and 11. The remaining chloroplast subunits (y, a and b') are encoded in the plant nucleus, and are imported into the organelle (Hennig and Herrmann, 1986) . In Antithamnion and 0. sinensis, the locations have not been determined of the genes for subunits y, f8 and e, and for subunit y respectively. The function of the protein encoded by the gene marked is unknown. The E. coli gene order is also found in bacterium PS3 (Ohta et al., 1988) , B. megaterium (Brusilow et al., 1989) , B. firmus (Ivey and Krulwich, 1991) and V alginolyticus (Krumholz et al., 1989) . The Synechococcus 6301 gene order (Cozens and Walker, 1987 ) is found in Anabaena 7120 (Curtis, 1987; McCarn et al., 1988) and in Synechocystis 6803 (Lill and Nelson, 1991 , 1985) . It is possible that these clusters represent protein modules that have evolved independently before coming together in the ATP synthase Walker, 1992 Figure 6 ]. A similar activation can be produced in vitro by reduced thiols (Ketcham et al., 1984; Nalin and McCarty, 1984; Schumann et al., 1985) . Upon reduction, the enzyme shifts to a conformational state that needs less energy for activation (Junesch and Griiber, 1987) . Although the sequences of cyanobacterial and chloroplast y subunits are well conserved overall (see Table 2 ), alignment of their sequences ( Figure 6 ) reveals that residues 202 to 210 are present only in the chloroplast sequence, and that the cysteines required for formation of the disulphide bond in the chloroplast enzyme are absent from the cyanobacterial subunit. Therefore the chloroplast and cyanobacterial y subunits differ in a region that is important in the regulation of the activity of the chloroplast enzyme. This same region is also involved in the trypsin activation of the CF1. The unmasking of the latent ATPase activity of spinach CF1 by trypsin is brought about by the sequential cleavage of the peptide bonds following Arg-220 and Lys-209 in the y subunit [tryptic cleavage sites I and II in Figure 6 (Werner et al., 1990) ]. In the cyanobacterial y subunit, tryptic cleavage site I, but not site II, is maintained, and this may be sufficient to retain the trypsin activation (Lubberding et al., 1981; Bakels et al., 1991) . The ATP synthase of Synechococcus 6716 corresponds to the reduced form of CF1FO and needs a low proton gradient for activation (Bakels et al., 1991) . This could be of physiological importance in oxidative phosphorylation in the cyanobacterium.
The proton-pumping mechanism The sites of sequential cleavage in trypsin activation are indicated by arrows I and 11. The numbers relate to the complete sequences of the polypeptides. The sequences are taken from the following sources: spinach chloroplasts (Miki et al., 1988) ; Synechococcus 6301 (Cozens and Walker, 1987) ; Synechocystis 6803 (Werner et al., 1990) ; Anabaena 7120 (McCarn et al., 1988 ); E coli ; Rsp. rubrum ; Rhodopseudomornas blastica (Tybulewicz et al., 1984) ; and bacterium PS3 (Ohta et al., 1988) . The amino acid sequences are numbered as described by Werner et al. (1990) . much higher than the generally observed 2-4 protons translocated for each ATP molecule synthesized (see Nicholls and Ferguson, 1992 ), a priori it was possible that the cyanobacterial enzyme might have significant changes in its membrane sector subunits. The sequences indicate that the cyanobacterial membrane sector is likely to contain four subunits, a, b, b' and c, as in the chloroplast enzyme. Also, the a and c subunits, which are intimately involved in proton translocation, are highly conserved in the enzymes from chloroplasts and Synechococcus 6716 (see Table 2 ). They include amino acids that are thought to be essential for the proton channel such as the equivalent residues of E. coli Glu-219 and Arg-210 in the a subunit of E. coli ATP synthase, and Asp-61 from subunit c (Lightowlers et al., 1988) . Recently, it was found that the proton translocation stoichiometry for both cyanobacterial and chloroplast ATP synthase depends on the lipid composition of proteoliposomes in which they are reconstituted, and is also changed when other proteins are present (Van Walraven et al., 1990) . In addition, in the intact bacteria it is influenced by the growth temperature and light intensity (H. S. Van Walraven, A. P. N. de Boer, M. J. C. Schotts and R. H. A. Bakels, unpublished work) and by pH in membrane vesicles (Krenn et al., 1993) . These effects are discussed in terms of the sequences of the Fo subunits by Krenn et al. (1993) .
Note added In proof (received 21 June 1993)
The sequence of subunit II of CFo from spinach chloroplasts is described by Herrmann et al. (1993) . 
